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Abstract – Because honey bees periodically collect water, guttation water from treated crops has been suggested as
a potential exposure route to systemic pesticides. We reviewed studies that were published in the scientific literature
since a previous review of the topic. We identified several studies that reported residue levels of pesticides in
guttation water. However, few studies addressed guttation water as a potential exposure route to honey bees. In these
studies, no significant effects on honey bee colony health or overwintering survival were observed when colonies
were located within fields of treated crops during guttation periods. The previous and current review suggests that
exposure to pesticides via guttation water alone is unlikely to negatively affect honey bee colonies. A better
understanding of water foraging by honey bees would be needed to address whether guttation water could represent
a relevant exposure route of honey bees to systemic pesticides.
guttation / honey bees / pesticide risk assessment / neonicotinoids
1. INTRODUCTION
Honey bee (Apis mellifera L.) colony losses
have recently attracted attention in the scientific
literature and from the general public (Neumann
and Carreck 2010; Clermont et al. 2015; Seitz
et al. 2015). Multiple factors have been implicated
in the observed losses, including mite infestations,
diseases, and land-use changes. In addition, pesti-
cides, particularly systemic pesticides such as
neonicotinoid insecticides, were raised as a poten-
tial factor in the losses because honey bees may be
exposed to pesticides through various routes
(Thompson 2010). Residues of neonicotinoid pes-
ticides have been observed in nectar and pollen of
treated crops, implicating nectar and pollen as
potential routes of neonicotinoid insecticide expo-
sure to honey bees (Pilling et al. 2013; EFSA
2013; USEPA 2014; Codling et al. 2016). In
addition to nectar and pollen, treated crops may
also produce guttation water, which has been
discussed as potential additional exposure route
(Girolami et al. 2009; Thompson 2010).
Nectar and pollen are collected by honey bees
for food and are stored in the hive in designated
cells. Pollen provides the protein source for brood
rearing while nectar provides the source of sugar
for energy as consumed by larvae and adult bees
in the colony. Nectar is stored as honey over
extended time periods for provision of the colony
during the winter or times of low forage availabil-
ity. Nectar can also function as a water source to
produce larval food, and for cooling of the hive
during high ambient temperatures. Nectar con-
tains 35–80% water while honey is concentrated
to around 75% sugar (Seeley 1995). However,
honey bees rely directly on water foraging when
fresh nectar for larval food production is scarce as
can be the case in early spring, and when the
optimal hive temperature of around 35 °C is
exceeded (Lindauer 1955).
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Water collection is conducted by specialized
foragers. The foraging effort of water foragers is
regulated by demand in the hive, which may
include thirst of the water foragers themselves as
well as begging behavior of receiving bees in the
hive (Kühnholz and Seeley 1997, Ostwald et al.
2016). Water may be added to uncapped nectar
cells, and water foragers may retain water in their
crops while not foraging (Ostwald et al. 2016).
The regulation of water foraging as well as pref-
erences for particular water sources is less well
understood than foraging for nectar and pollen.
Bee flight is energetically costly and, accordingly,
foragers strongly prefer water sources close to the
hive to minimize energy expense (Kovac et al.
2010). Water sources may include, e.g., small
water bodies, dew, and guttation water.
Guttation refers to the secretion of fluid from
leaves and occurs in a wide range of plant species.
High rates of water absorption by plants from the
soil under conditions with low transpiration lead to
the exudation of fluid from pores in leaves. Transpi-
ration is low under high humidity or when stomata
are closed in darkness. In combination with wet and
warm soils, guttation can be profuse. Organic and
inorganic solutes found in the xylem of a plant are
partially absorbed in the pores (hydathodes), leading
to lower solute concentrations in guttation fluid
(Singh 2013). The timing and occurrence of gutta-
tion is highly variable based on climatic region and
plant species in question. It is frequently observed in
the spring in common crops such as oilseed rape and
maize (Joachimsmeier et al. 2011b) and in lawn
grasses (Singh 2013). Because of concerns about
potential exposure to systemic pesticides through
water foraging, Girolami et al. (2009) measured
residues of neonicotinoids in guttation water sam-
ples from corn seedlings grown from neonicotinoid-
treated seeds and fed the guttation water (spiked
with sugar) to honey bees in the laboratory.
Neonicotinoid concentrations in the guttation water
samples reached levels toxic to honey bees, raising
concerns that guttation water from treated crops
could represent a relevant route of exposure to sys-
temic insecticides. However, Girolami et al. (2009)
did not assesswhether honey bees foraging forwater
collect guttation water, and whether effects on colo-
nies from guttation water exposure can be observed
in the field.
To address these questions, Pistorius et al.
(2011) provided a review of published and unpub-
lished studies on guttation water from crops and
the potential effects of residues in guttation water
on honey bees. The authors compiled relative
occurrences of guttation in several common crops
and described guttation timing and pesticide resi-
due levels found. All reviewed studies were fo-
cused on neonicotinoid pesticides. Corn (maize)
was identified as the Bworst-case^ crop in this
context because the highest residue levels were
observed in its guttation water and because corn
produces high volumes of guttation water in its
seedling stage (spring and early summer). Residue
levels of neonicotinoids toxic to honey bees were
observed in guttation water in multiple studies
(Pistorius et al. 2011). High honey bee mortalities
were observed in a semi-field study (also referred
to as a Btunnel study^) that used guttation as the
exposure route. In the experimental setup of the
semi-field study, water foraging by the bees was
limited to guttation water from corn. When an
additional water source without residues was pro-
vided in the tunnel, bee mortalities did not differ
from the controls. In three field studies included in
the review, honey bee colonies were placed next
to treated corn or wheat fields during the guttation
period. The bees in the field studies were not
restricted in their foraging, and water collection
fromwater sources other than crop guttation could
not be excluded. Occasional spikes in dead bee
numbers were observed at some of the hives
placed next to treated corn fields, but no long-
term effects on colony health or strength were
found. An effort was made to observe honey bees
collecting guttation water from the crops, but no
instances were observed. The authors concluded
that the potential risk from guttation water to
honey bee colonies mainly depends on the dis-
tance from a colony to a treated crop. Xylem
mobility of the compound, persistence, toxicity
to bees, mode of action, and crop type should also
be considered as criteria to assess the potential for
exposure to honey bees. The authors of the review
recommended further research to assess potential
risk from guttation and to gain a better under-
standing of water foraging by honey bees.
In this review, we present an overview of stud-
ies that address guttation water as potential
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pesticide exposure route to honey bees published
in the scientific literature since the review by
Pistorius et al. (2011). We included articles in
our review if they presented original data on pes-
ticide residue levels in guttation water or the usage
or effects of guttation water on honey bees. We
provide conclusions how the insights from the
studies may inform potential risks from exposed
guttation water to honey bees.
2. PESTICIDE RESIDUE LEVELS IN
GUTTATION WATER
Studies found as part of this review all focused
on crops treated with neonicotinoid pesticides.
Seed treatment was the most prevalent application
method used. Exceptions were the study by
Hoffmann and Castle (2012) where drench appli-
cation was used, one of the studies presented in
Nikolakis et al. (2014) that used in-furrow appli-
cations, Larson et al. (2015) where neonicotinoids
were applied to turfgrass as a surface spray and
watered in, and McCurdy et al. (2017) where
turfgrass was treated by sub-irrigation or foliar
spray. Neonicotinoid compounds applied were
imidacloprid, thiamethoxam, and clothianidin. In
the study reported by Tapparo et al. (2011), other
pesticides were also applied, but no residues
above the quantification limit (e.g., LOQ =
17 μg/L for fipronil) were detected in guttation
water. Marzaro et al. (2011) measured clothianidin
residues in guttation water from untreated corn
after contamination by dust from planting of treat-
ed seeds in an adjacent field. We included this
study in our evaluation as guttation water was
addressed. However, the residue levels measured
are not representative for seed-treated corn.
Crops studied for guttation water residue levels
included corn (Zea mays ), oilseed rape (Brassica
napus ), cantaloupe (Cucumis melo ), winter cereal
crops, and sugar beets (Beta vulgaris ). In addition,
two studies focused on turf grass (Larson et al.
2015; McCurdy et al. 2017). For the purposes of
this review, we will refer to turf grass as a crop.
Samples of guttation water were collected from
these crops, and either average or maximum residue
levels of the applied neonicotinoids were reported
(Table I). For the three neonicotinoids included in
the reviewed studies, residue levels in guttation
water were highest in corn (Table I). Tapparo et al.
(2011) measured concentrations of three
neonicotinoids in guttation water collected from
the tops of leaves and from the crown cups. They
report the following ranges of concentrations mea-
sured in guttation water collected during the first
6 days after emergence of corn seedlings:
imidacloprid concentrations ranged from 8.2 mg/L
to a maximum reported concentration of 345.8 mg/
L, clothianidin ranged from 7.3mg/L to amaximum
detection of 101.7mg/L, and thiamethoxam concen-
trations ranged from 2.9 to 40.8 mg/L.
Neonicotinoid residue levels measured in gut-
tation water from corn seedlings (Tapparo et al.
2011) exceeded residue levels measured in nearly
all other crops by a factor of 100 or more (Table I).
Only cantaloupe guttation water, measured short-
ly after soil application, reached residue levels
within the ranges of concentrations measured for
corn (maximum imidacloprid concentration of
37.35 mg/L measured; Hoffmann and Castle
2012). In one of the studies addressing winter
cereals, the maximum measured residue levels
were 6.7 and 8.5 mg/L for imidacloprid and
clothianidin, respectively (Nikolakis et al. 2014).
Peak residue levels in guttation water from sugar
beet of 0.658, 9.043, and 2.018 mg/L were ob-
served for imidacloprid, clothianidin, and
thiamethoxam, respectively (Wirtz et al. 2018).
Residue levels in guttation water from seed-
treated corn and oilseed rape declined with time
following seedling emergence (Pistorius et al.
2011). Seasonal variations in residue levels in
guttation water are potentially important, as water
foraging frequency by honey bees changes over
the year (Lindauer 1955). Nikolakis et al. (2014)
presented two studies where residue levels in gut-
tation water sampled in the fall and the following
spring were compared. Maximum concentrations
of clothianidin and imidacloprid were higher dur-
ing fall vs. spring guttation events in winter oil-
seed rape (clothianidin, 0.41 mg/L in autumn;
0.02 mg/L in spring) as well as winter cereals
(imidacloprid, 6.7 mg/L in autumn; 0.068 mg/L
in spring; clothianidin, 8.5 mg/L in autumn;
0.15 mg/L in spring).
In three studies, the authors examined how
pesticide concentrations in guttation water change
over time after planting or spray application.
Honey bee pesticide exposure from guttation 639
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Tapparo et al. (2011) assessed the concentrations
of the three neonicotinoids between days 1–20
after seedling emergence of corn plants from coat-
ed seeds and found the highest concentrations
(average concentrations on day 1 for imidacloprid,
80.87 mg/L; clothianidin, 35.99 mg/L;
thiamethoxam, 24.29 mg/L) immediately after
emergence followed by a decline over the sam-
pling period to a low 8–10 days after planting
(average concentrations on days 8–10 for
imidacloprid, 17.3 mg/L; clothianidin, 8.82 mg/
L; thiamethoxam, 3.55 mg/L). Interestingly, be-
tween days 11–19, concentrations increased again
(average concentrations on days 11–19 for
imidacloprid, 60.13 mg/L; clothianidin,
31.64 mg/L; thiamethoxam, 8.32 mg/L). The in-
crease in concentrations after day 10 was attribut-
ed to increased water evaporation concentrating
solutes within the plant resulting in increased
chemical concentrations.
Wirtz et al. (2018) collected guttation water
from sugar beet plants over a period of 90 days
after emergence. The highest concentrations of
neonicotinoids were measured in early growth
stages (BBCH 11-19). Maximum measured
residue level of imidacloprid was 0.658 mg/
L, 9.043 mg/L of clothianidin, and 2.081 mg/L
thiamethoxam. Residue levels fell below the
limit of detection (LOD ≤ 0.005 mg/L for both
substances) in later growth stages (BBCH 38).
In addition, Wirtz et al. (2018) found higher
guttation occurrence in sugar beet with in-
creasing humidity, and highest occurrences of
guttation in the crop at temperatures between
10 and 14 °C.
In a study of turf grass, Larson et al. (2015)
assessed differences between concentrations at
1 week after application (spraying) and 3 weeks
after application. Peak values were seen 1 week
after application of imidacloprid (0.088mg/L) and
decreased over time (0.023 mg/L 3 weeks after
application).
The findings that residue concentrations in
guttation water decline with time since plant-
ing (for seed-treated crops) or pesticide appli-
cation (for other application types) are in line
with the trends reported by Pistorius et al.
(2011). The seasonal difference in residue
levels in guttation water from winter cerealsTa
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and winter oilseed rape as reported by
Nikolakis et al. (2014) is also driven by time
since the emergence of the treated crops.
3. USAGE OF GUTTATION WATER BY
HONEY BEES
There are several water sources available for
foraging honeybees, including water bodies
(e.g., puddles and ponds), dew, and guttation
water. Whether guttation water is collected by
bees depends on the availability of alternative
water sources during crop guttation, the co-
occurrence of guttation by crops and water
needs of bees, the time of day that guttation
occurs, and the distance to potential sources of
guttation water.
In the study by Joachimsmeier et al. (2011a),
honey bee activity was recorded in small patches
in experimental fields of oilseed rape and cereal
crops between early April and early May (when
guttation by the crops was highest). Honey bee
colonies were placed in the experimental fields
for the study period. The authors observed a
small number of honey bees actively collecting
water from guttation, dew, or rain drops from the
crops. Due to the low sample size, no preference
for a water source could be determined, but
more honey bees were observed close to the
study hives than at larger distances. In the stud-
ies reported by Nikolakis et al. (2014), honey
bee colonies were placed in treated fields. It was
observed that honey bee flight activity and gut-
tation of crops frequently coincided. Up to 14%
of honey bees observed within crops in spring
were collecting guttation water. The percentage
of honey bees observed collecting guttation wa-
ter within crops in the fall was considerably
lower (only 1.2% of bees). The percentages in
this study refer to the number of honey bees
observed during observation periods within the
field. The overall number of honey bees foraging
for water was not recorded. Weather conditions
were not reported, and relationships between
conditions that may favor guttation (high tem-
perature differences between night and day or
high humidity) and guttation occurrences in the
crops were not studied. These studies suggest
that guttation in crops and water foraging in
honey bees may commonly co-occur. Honey
bees have been observed collecting guttation
water from crops, but the frequency of guttation
water collection in comparison to the overall
water collection by honey bee colonies was not
assessed.
4. EFFECTS ON HONEY BEES FROM
GUTTATION WATER USAGE
Only a few studies included in our review
addressed effects on honey bees resulting from
guttation water collection (Joachimsmeier et al.
2011a; Nikolakis et al. 2014; Reetz et al. 2015).
Reetz et al. (2015) identified honey bee water
foragers returning to the hive by the low sugar
content of the fluid found in their honey stomachs.
Residue levels of thiamethoxam in honey
stomachs of water foragers were below toxicity
thresholds of the compound determined in labo-
ratory chronic toxicity studies.
Joachimsmeier et al. (2011a) did not detect
significant differences in honey bee mortality be-
tween periods with and without guttation, or be-
tween study hives located in treated or untreated
fields of oilseed rape and cereal crops. The mean
number of dead bees at colonies located at treated
fields of various crops were also not different from
control colonies in the studies presented by
Nikolakis et al. (2014). Neither study observed
effects on colony health from exposure to treated
guttating crops.
5. CONCLUSIONS
In recent reviews of neonicotinoids and
their risk to bees, guttation water is explicitly
discussed as a possible route of exposure to
honey bees and is addressed in varying levels
of detail (Sanchez-Bayo and Goka 2014;
Blacquière et al. 2012; Bonmatin et al. 2015;
Fairbrother et al. 2014; Krupke and Long
2015; Lundin et al. 2015; Pistorius et al.
2011; Rortais et al. 2017; Wood and Goulson
2017). In a guidance document published by
the European Food Safety Authority (EFSA
2013), it is stated that pesticide risk assessment
considering exposure via guttation water is
necessary because an effect cannot be
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excluded. The U.S. Environmental Protection
Agency (USEPA) also stated in a recent white
paper that guttation water could be a potential-
ly relevant route of exposure, but that it is
uncertain to what degree bees collect guttation
water (USEPA 2012), which supported find-
ings of the review by Pistorius et al. (2011).
In our review of more recent articles on this
topic, these findings were further confirmed. Res-
idues of neonicotinoids in guttation water from
treated corn seedlings can reach levels that are
immediately toxic to bees. Residue levels in gut-
tation water from other crops were considerably
lower than in corn, but could also reach toxic
levels in some cases (e.g., cantaloupe as reported
by Hoffmann and Castle 2012). Residue levels
were found to be highly variable between samples
and declined with time since seedling emergence
(for crops grown from treated seeds) or applica-
tion (for other application types). Honey bees
were observed collecting guttation water, but the
proportion of guttation water in the overall water
collection by honey bee colonies remains unclear
(Joachimsmeier et al. 2011a; Nikolakis et al.
2014). Counts of dead bees at study hives did
not significantly increase with exposure to treated
crops during guttation periods, and no long-term
effects on colony health could be observed in
studies where honey bee colonies were assessed
over longer time periods (Joachimsmeier et al.
2011a; Nikolakis et al. 2014).
Studies of water foraging in honey bees may
provide more clarity about the potential influx of
guttation water to honey bee hives, as preferences
in water foraging remain unclear. Honey bees may
prefer water containingminerals, as can be studied
by presenting bee colonies with water sources
containing minerals and water without solutes.
Bonoan et al. (2017) found a slight preference of
bees for water containing sodium chloride (salt)
over deionized water in such a study design. Gut-
tation water contains low amounts of solutes
(Pistorius et al. 2011; Singh 2013), and would
not appeal to a preference for salt. Reetz et al.
2012 introduced a method to assess water forag-
ing activity of a hive by determining the honey
stomach content of foragers returning to the hive.
Field studies conducted with honey bee col-
onies do not reliably point to impacts on col-
ony health due to placement next to a treated
field during flowering (Pilling et al. 2013,
Cutler et al. 2014; Balfour et al. 2017;
Woodcock et al. 2017) or during guttation
periods (Pistorius et al. 2011; Joachimsmeier
et al. 2011a; Nikolakis et al. 2014). While
residues of neonicotinoid insecticides were de-
tected in samples of honey bee hive products
across agricultural landscapes (Lawrence et al.
2016), colony-level risks from the exposure
appear to be low. A recent field study found
honey bee colonies in better condition in agri-
cultural landscapes (dominated by corn fields)
as compared to landscapes dominated by forest
(Sponsler and Johnson 2015).
We conclude from our review that guttation
water is unlikely to constitute a high risk to honey
bee colonies if considered as the sole exposure
route. However, toxic levels can occur in gutta-
tion fluid from certain crops, particularly corn.
According to our review and the previous review
by Pistorius et al. (2011), ranges of neonicotinoid
residue levels in guttation water from various
treated crops are available, but water foraging
preferences of honey bees are not well under-
stood. We agree with the recommendation in the
reviewed literature that water foraging mecha-
nisms in honey bees (timing of water needs and
preferences for water sources) would need to be
better understood to achieve higher certainty
about how much contaminated guttation water is
potentially collected by honey bee colonies. The
call for more research on this topic is underlined
by the frequent statement of guttation water as
potential relevant exposure route of honey bees to
neonicotinoids in recent scientific publications
and recommendations by regulatory agencies.
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